Abstract. Autophagy serves a role in preserving cellular homeostasis. Diabetes mellitus (DM) impairs cardiac autophagy and is associated with an accumulation of cytotoxic proteins that may provoke apoptosis and damage cardiomyocytes. Histone deacetylase (HDAC) inhibitors attenuate cardiac fibrosis and inflammation, and improve cardiomyopathy resulting from DM. However, the effect of HDAC inhibition on autophagy in DM cardiomyopathy has not been investigated. The purpose of the present study was to evaluate whether HDAC inhibition modulates cardiac autophagy and to investigate the potential mechanisms in type 2 DM (T2DM) hearts. Electrocardiography was used to evaluate cardiac function and western blotting was used to evaluate protein expression in autophagy, the serine/threonine protein kinase mTOR (mTOR) signaling pathway, poly adenosine diphosphate ribose polymerase 1 (PARP1), insulin signaling, advanced glycosylation end product-specific receptor (RAGE), and proinflammatory cytokines in control rats and in rats treated with a high-fat diet (60% fat) and low-dose streptozotocin (35 mg/kg) in order to induce T2DM, with or without an HDAC inhibitor (MPT0E014; 50 mg/kg/rat daily for 7 days). Compared with the control rats, T2DM and T2DM rats treated with MPT0E014 exhibited elevated blood glucose levels and similar body weights. However, T2DM rats treated with MPT0E014 and control rats had a smaller left ventricular end-diastolic diameter compared with the T2DM rats. The control and T2DM rats treated with MPT0E014 had greater protein expression of cardiac phosphorylated (p)-5' adenosine monophosphate-activated protein kinase α 2, light chain 3-II, Beclin-1, glucose transporter 4, p-protein kinase B, and insulin receptor substrate-1 (Ser 307) compared with T2DM rats. In addition, control and T2DM rats treated with MPT0E014 had decreased cardiac protein expression of cleaved PARP1, p-mTOR-S2448, p-P70S6K-Thr-389, RAGE, tumor necrosis factor-α, and interleukin-6 compared with T2DM rats. The present study demonstrated that MPT0E014 may improve cardiac function in T2DM rats by modulating myocardial autophagy, inflammation and insulin signaling.
Introduction
Type 2 diabetes mellitus (T2DM) accounts for ~90% of all cases of diabetes mellitus (DM) and imparts a 1.5-2-fold increase in morbidity compared with the general population (1) . Cardiovascular dysfunction is a major morbidity and cause of mortality in T2DM patients. However, the mechanisms underlying the high prevalence of cardiovascular dysfunction in Histone deacetylase inhibition of cardiac autophagy in rats on a high-fat diet with low-dose streptozotocin-induced type 2 diabetes mellitus patients with T2DM have not been completely elucidated (2, 3) and therapeutic outcomes remain unsatisfactory. Autophagy is a highly conserved process that preserves cellular homeostasis between normal and pathophysiological conditions (4) . Although autophagy is primarily involved in cell survival, continuous activation may lead to autophagic or apoptotic cell death (5) . Cardiomyocyte autophagy is a crucial adaptive response of the myocardium to preserve the cellular energy balance, particularly during stress (6, 7) . T2DM patients exhibit increased cardiac autophagy and cleavage of caspase-3, which was investigated by analysis of the right atrial appendages from subjects receiving coronary artery bypass graft surgery (8) . Impaired cardiac autophagy has been reported in metabolic syndrome and T2DM animals (9, 10) . Since insulin is able to modulate myocardial autophagy via phosphatidylinositol 3-kinase/RAC-α serine/threonine protein kinase (Akt) signaling to inhibit the serine/threonine protein kinase mTOR (mTOR) signaling pathway, cardiac autophagy is impaired in insulin resistant T2DM (11) . In addition, under conditions of elevated nutrients, mTOR is activated in hyperglycemia, thereby inhibiting autophagy. A decrease in autophagy results in an aggregation of cytotoxic proteins and defective organelles that may provoke apoptosis and damage cardiomyocytes (12) . Therefore, modulation of autophagy may decrease DM cardiomyopathy.
Histone deacetylases (HDACs) serve an essential role in regulating cell proliferation, migration and death. Previously, HDACs and inhibitors have been identified to be therapeutic targets for type 1 DM and T2DM (13, 14) . A pan HDAC inhibitor MPT0E014 has been demonstrated to decrease cardiac fibrosis and profibrotic signaling protein expression in a heart failure animal model (15) . In addition, MPT0E014 has been demonstrated to regulate cardiac metabolism through its effects on peroxisome proliferator-activated receptors (PPARs) and inflammatory cytokines to reduce the accumulation of fatty acids in DM hearts (16) . However, it is not clear whether HDAC inhibition is able to regulate cardiac autophagy in T2DM cardiomyopathy. Additionally, advanced glycation end products (AGEs) are involved in the pathogenesis of vascular damage resulting from hyperglycemia (17) . AGEs cause detrimental effects by directly altering the structure and function of AGE-modified macromolecules, or by binding with the advanced glycosylation end product-specific receptor (RAGE) (18) . However, the effect of HDAC inhibition on the expression of RAGE in DM cardiomyopathy remains unknown.
Therefore, the purpose of the present study was to investigate the effect of the HDAC inhibitor MPT0E014 on the regulation of myocardial autophagy in rats with high-fat diet (HFD) and low-dose streptozotocin (STZ)-induced T2DM.
Materials and methods
Animals, blood sampling and tissue preparation. The present study was approved by the Institutional Animal Care and Use Committee of Taipei Medical University (approval no. LAC-2013-0085). Rats were housed under standard environmental conditions (21±2˚C; humidity 50-60%; 12-h light/dark cycle) and maintained on commercial rat food and tap water ad libitum. A total of 24 male 8-week old Wistar rats, weighing 260±4.0 g were purchased from BioLasco, Taiwan, Co., Ltd., (Taipei, Taiwan) were used in the present study. To induce T2DM, 16 rats were fed an HFD (60% fat, 18% protein and 21% carbohydrates; Research Diet Inc., New Brunswick, NJ, USA) ad libitum starting at 8 weeks old and received a low dose of STZ (35 mg/kg; Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) intraperitoneally at 10 weeks old (19) . T2DM was defined as high fasting plasma glucose (≥15 mmol/l) and was measured with a glucometer (Ascensia Elite; Bayer, Pittsburgh, PA, USA) (20, 21) . At 12 weeks of age, the rats were grouped into three groups of eight rats each, including control, HFD + low-dose STZ-induced T2DM and MPT0E014-treated HFD + low-dose STZ-induced T2DM groups. MPT0E014 [a pan-HDAC inhibitor (15) ; 50 mg/kg in 50% polyethylene glycol 400 and 0.25% carboxymethyl cellulose (22) ], or a vehicle (1 ml/kg of 50% polyethylene glycol 400 and 0.25% carboxymethyl cellulose) was given once daily for 7 days by oral gavage in the studied rats. The rats were sacrificed with an intraperitoneal injection of sodium pentobarbital (100 mg/kg) at 13 weeks of age. Body weight was measured prior to sacrifice. Fasting plasma blood urea nitrogen, creatinine, cholesterol, triglyceride and high-density lipoprotein-cholesterol (HDL-C) were obtained with a SPOTCHEM analyzer (Arkray, Inc., Kyoto, Japan) using SPOTCHEM II Inorganic Phosphorous reagent strips. Plasma free fatty acid was measured using a Free Fatty Acid Quantitation kit (Sigma-Aldrich; Merck KGaA) and plasma fasting insulin was measured with a Mercodia Ultrasensitive Rat Insulin ELISA (Mercodia AB, Uppsala, Sweden). Transverse tissue pieces from the left ventricle (LV) weighing 0.55-0.65 g were snap-frozen in liquid nitrogen and stored at -80˚C for protein isolation.
Echocardiographic measurements. At 10 and 13 weeks of age, transthoracic echocardiography was performed using a Vivid I ultrasound cardiovascular system (GE Healthcare, Chicago, IL, USA) was performed under isoflurane anesthesia (5% for induction and 2% for maintenance) in the control and HFD + STZ T2DM rats with or without treatment with MPT0E014. M-mode tracing of the LV was used to measure the following cardiac structures: The LV end-diastolic diameter (LVEDd), LV end-systolic diameter (LVESd), interventricular septal thickness in diastole (IVSd), end diastolic volume (EDV), end systolic volume (ESV), fractional shortening (FS) and the ejection fraction (EF) (15) .
Western blot analysis. Tissues were homogenized and lysized in M-PER™ Mammalian Protein Extraction Reagent (Thermo Fisher Scientific, Inc., Waltham, MA, USA) and the protein concentration were determination by Bradford assay. Equal amounts of proteins (40 µg) were resolved by SDS-PAGE on a 8-15% gel followed by electrophoretic transfer of proteins onto polyvinylidene difluoride membranes. Blots were blocked with 5% skimmed milk for 1 h at room temperature, then probed with antibodies against Light Chain (LC) 3-I (cat. no. APG8B; 1:1,000; Abgent, Inc., San Diego, CA, USA) and LC3-II (cat. no. APG8B; 1:1,000; Abgent, Inc.), Beclin- ) for overnight at 4˚C and secondary antibodies conjugated with horseradish peroxidase (Leinco Technologies, Inc., Fenton, MO, USA) for 1 h at room temperature. Bound antibodies were detected with an enhanced chemiluminescence detection system (EMD Millipore) and analyzed with AlphaEaseFC software (version 6.0; ProteinSimple, San Jose, CA, USA). Targeted bands were normalized to cardiac GAPDH (Sigma-Aldrich; Merck KGaA) to confirm equal protein loading.
Statistical analysis. All quantitative data are expressed as the mean ± standard error of the mean. Statistically significant differences between different groups was determined using one-way analysis of variance with Tukey's test for multiple comparisons as appropriate using SigmaStat (version 3.5; Systat Software, Inc., San Jose, CA, USA). P<0.05 was considered to indicate a statistically significant difference.
Results

Effect of MPT0E014 on biochemistry and cardiac function.
The body weights were similar among rats in the control, HFD + low-dose STZ-induced T2DM and T2DM rats treated with MPT0E014 groups (Table I) . However, HFD + low-dose STZ-induced T2DM rats had larger absolute heart weights compared with control rats and T2DM rats treated with MPT0E014. In addition, the heart-to-body weight ratios were greater in the HFD + low-dose STZ-induced T2DM rats compared with the control rats and T2DM rats treated with MPT0E014 (Table I) . Compared with the control rats, HFD + low-dose STZ-induced T2DM rats and MPT0E014-treated T2DM rats had higher levels of blood glucose, triglycerides and free fatty acids (Table I) . However, the MPT0E014-treated T2DM rats had lower levels of blood glucose, triglycerides and free fatty acids compared with HFD + low-dose STZ-induced T2DM rats. The level of HDL-C was lower in the HFD + low-dose STZ-induced T2DM rats compared with the control and MPT0E014-treated T2DM rats (Table I) . Total cholesterol, blood urea nitrogen, creatinine and insulin levels were not significantly different between the three groups (P>0.05). Table II illustrates echocardiograms of control, HFD + STZ-induced T2DM and MPT0E014-treated T2DM rats. The HFD + STZ-induced T2DM rats had higher LVEDd, LVESd, EDV and ESV values, and lower EF and FS values compared with control and MPT0E014-treated T2DM rats.
Effects of MPT0E014 on cardiac autophagy and cell death. Compared with the control group, the acetyl histone H3 (Ac-H3K9)/histone 3 (H3) ratio was decreased in the HFD + STZ-induced T2DM hearts by 0.87. Ac-H3K9/H3 ratio was increased in the T2DM rats treated with MPT0E104 compared with the T2DM group (Fig. 1A) . In order to assess the role of autophagy in T2DM cardiomyopathy, cardiac LC3-II protein expression was measured and it was demonstrated that LC3-II levels significantly decreased in HFD + STZ-induced T2DM hearts compared with control hearts by 0.49 (P<0.05). Similar to control hearts, MPT0E014-treated T2DM hearts had higher LC3-II levels The role of Beclin-1 in DM cardiomyocytes was examined and it was demonstrated that the level of Beclin-1 protein was significantly lower in the hearts of HFD + STZ-induced T2DM hearts compared with the control or T2DM hearts treated with MPT0E014 (P<0.05; Fig. 1C ). In addition, the level of cleaved PARP1 in the T2DM cardiomyocytes was demonstrated to be increased by 0.6 compared with the control hearts; however, in the DM hearts treated with MPT0E014 the cleaved PARP protein was significantly decreased compared with the untreated DM hearts. (P<0.05; Fig. 1D ).
The regulatory role of AMPK in autophagy of the heart was examined and it was demonstrated that the expression of AMPKα2 was similar in the three groups. However, the p-AMPKα2 significantly decreased in the hearts of HFD + STZ-induced T2DM hearts compared with the control hearts by 0.28, and this was ameliorated in the hearts of T2DM rats treated with MPT0E014 (P<0.001; Fig. 2A ). The effects of MPT0E014 on the tuberin (TSC)-mTOR signaling pathway were investigated. T2DM hearts exhibited activation of the TSC-mTOR signaling pathway, as reflected by increased protein expression of p-mTOR-S2448 (Fig. 2B) and its downstream effector p-P70S6K-Thr389 (Fig. 2C) , by 0.8 and 2.5, respectively, compared with the control hearts; this effect was reversed in the MPT0E014-treated HFD + STZ T2DM hearts.
Effects of MPT0E014 on the myocardial insulin signaling pathway, RAGE and proinflammatory cytokines. As demonstrated in Fig. 3A , the protein expression of GLUT 4 was decreased in the HFD + STZ-induced T2DM hearts compared with control hearts by 0.76. Similar to the control hearts, hearts Figure 2 . MPT0E014 reduces myocardial mTOR activity in T2DM rats. Western blots analysis of cardiac (A) total and p-AMPKa2, (B) total and p-mTOR-S2448, and (C) total and p-P70S6K at Thr389 levels in the control, high-fat diet low-dose streptozotocin induced T2DM rats and T2DM rats treated with MPT0E014. Data were normalized to GAPDH and are presented as the mean ± standard error of the mean. * P<0.05, *** P<0.001. n=5 rats/group. T2DM, type 2 diabetes mellitus; mTOR, serine/threonine protein kinase mTOR; p-, phosphorylated; AMPKa2, 5' adenosine monophosphate-activated protein kinase. Figure 3 . MPT0E014 improves insulin signaling in the T2DM heart. Cardiac (A) GLUT 4, (B) p-Akt and (C) p-IRS-1 protein levels were significantly lower in high-fat diet low-dose streptozotocin induced T2DM rats compared with the control and T2DM rats treated with MPT0E014. Data were normalized to GAPDH and are presented as the mean ± standard error of the mean. * P<0.05. n=5 rats/group. GLUT 4, glucose transporter 4; T2DM, type 2 diabetes mellitus; p-, phosphorylated; Akt, protein kinase B; IRS-1, insulin resistant substrate. treated with MPT0E014 T2DM had a higher level of GLUT 4 compared with the HFD + STZ-induced T2DM hearts. In addition, the hearts of the HFD + STZ-induced T2DM rats had decreased protein expression of p-Akt (Fig. 3B) and p-IRS-1 at Ser307 (Fig. 3C) , compared with the control and MPT0E014-treated T2DM hearts.
As demonstrated in Fig. 4 , the hearts of the HFD + STZinduced T2DM exhibited greater protein expression of RAGE, TNF-α, and IL-6 compared with the control and MPT0E014-treated T2DM hearts, while the control and MPT0E014-treated T2DM hearts had similar expression of RAGE, TNF-α, and IL-6.
Discussion
In the present study, it was demonstrated that HDAC inhibition may restore myocardial autophagy and improve insulin resistance in a T2DM rat model. T2DM is a progressive disorder that is associated with insulin resistance and is correlated with elevated, normal or low insulin levels depending on the stage when pancreatic function is measured (23) . The association between T2DM and derangement in lipid metabolism, including elevated levels of triglycerides and small low-density lipoprotein-cholesterol with reduced HDL-C levels, have been reported (24, 25) . An increase in plasma free fatty acids is common in patients with T2DM (26) and this may contribute to insulin resistance (27) . Similar to previous studies (19, 28) , the rats in the present study fed with a HFD in a low-dose STZ T2DM model exhibited hyperglycemia with increased levels of triglycerides and free fatty acids, and decreased HDL-C levels mimicking T2DM patients, except for a nonsignificant elevation of cholesterol. In addition, a modest reduction in blood sugar and reversed alterations in plasma triglyceride and HDL-C were demonstrated following treatment with MPT0E104, suggesting antihyperglycemic and hypolipidemic action.
Autophagy is a beneficial mechanism for preserving homeostasis, and the growth and development of cells (29, 30) .
Previous studies have demonstrated that cardiac autophagy is suppressed during metabolic derangement (31, 32) . Beclin-1 and sequesteosome-1 (p62) are involved in the formation of autophagosomes (29) and a reduction in LC3-II levels with p62 accumulation in rodents with HFD-induced obesity was identified to indicate a decrease in autophagosome formation (33, 34) . Similarly, the present study displayed a reduction in cardiac autophagy in T2DM rats, as indicated by decreased protein expression of LC3-II and Beclin-1. The reduction in cardiac autophagy in the present study was accompanied by suppressed myocardial phosphorylation of AMPKα2 and exacerbated cardiac dysfunction. The inhibition of cardiac autophagy may have been caused by AMPK dysregulation, which is involved in the pathogenesis of DM cardiomyopathy. AMPK negatively regulates mTOR activity (35) and serves an important role in mediating starvation-induced autophagy (36) . Likewise, it was demonstrated that hyperglycemia increased the phosphorylation of mTOR, and activated protein expression of the mTOR downstream effector P70S6K, suggesting activation of the TSC-mTOR signaling pathway. In addition, PARP1 cleavage, a hallmark of apoptosis, was increased in the T2DM rat heart. In the present study, administration of the HDAC inhibitor MPT0E014 activated AMPKα2, and enhanced cardiac autophagic activity by modulating Beclin-1, LC3-II, TSC-mTOR and decreasing cleaved PARP1 expression. The results of the present study suggested that the restoration of autophagy following HDAC inhibition may be a novel therapeutic mechanism of MPT0E014 against DM cardiomyopathy.
RAGE accelerates vascular inflammation and cellular stress to cause atherosclerosis (37) . In the present study, upregulation of the myocardial protein levels of RAGE was demonstrated, in addition to TNF-α and IL-6 in T2DM rats. Additionally, it was demonstrated that treatment with MPT0E104 attenuated the upregulation of RAGE and pro-inflammatory cytokines in T2DM hearts. To the best of our knowledge, this is the first study to demonstrate the effect of HDAC inhibition on the expression of cardiac RAGE in T2DM hearts. . MPT0E014 attenuates proinflammatory cytokines and RAGE in the T2DM heart. Cardiac (A) TNF-α, (B) IL-6 and (C) RAGE protein levels were significantly increased in the high-fat diet low-dose streptozotocin induced T2DM rats compared with the control and MPT0E014-treated T2DM rats. Data were normalized to GAPDH and are presented as the mean ± standard error of the mean. * P<0.05, ** P<0.01. n=5 rats/group. TNF, tumor necrosis factor; IL, interleukin; RAGE, glycosylation end product-specific receptor; T2DM, type 2 diabetes mellitus.
Considering the important role of insulin resistance in the development of T2DM in rats fed an HFD with low-dose STZ, a reduction in the GLUT 4 protein has been implicated during insulin resistance and impaired glucose metabolism (38) . Although the results of the present study demonstrated that MPT0E104 did not induce an increase in plasma insulin concentrations, the total GLUT 4 protein expression was significantly increased compared with the untreated hearts. This demonstrated that MPT0E104 was able to restore the expression of GLUT 4 protein through an insulin-independent pathway. Elevated phosphorylation of Akt and IRS-1 has been reported to be essential for the membrane translocation of GLUT 4 (39, 40) . In the present study, MPT0E104-treated T2DM hearts were observed to exhibit increased GLUT 4 protein in cardiomyocytes and restoration of p-Akt and p-IRS-1 (Ser 307) protein levels. The results of the present study suggested that enhanced insulin signaling transduction may be responsible for improving insulin sensitivity by HDAC inhibition. Although MPT0E014 was able to alter the expression of cardiac GLUT 4 and the insulin signaling pathway, it may be useful to investigate the direct effects of MPT0E014 by measuring the utilization of carbohydrates.
In conclusion, HDAC inhibition improved myocardial insulin sensitivity and attenuated diabetes-induced dysregulation of cardiac autophagy. HDAC inhibition provides a novel scenario in which autophagy reactivation may represent a potential therapeutic target to reduce cardiac dysfunction in patients with DM cardiomyopathy.
